We present direct experimental evidence that assembly of a single-stranded RNA virus occurs via a packaging signal-mediated mechanism. We show that the sequences of coat protein recognition motifs within multiple, dispersed, putative RNA packaging signals, as well as their relative spacing within a genomic fragment, act collectively to influence the fidelity and yield of capsid selfassembly in vitro. These experiments confirm that the selective advantages for viral yield and encapsidation specificity, predicted from previous modeling of packaging signal-mediated assembly, are found in Nature. Regions of the genome that act as packaging signals also function in translational and transcriptional enhancement, as well as directly coding for the coat protein, highlighting the density of encoded functions within the viral RNA. Assembly and gene expression are therefore direct molecular competitors for different functional folds of the same RNA sequence. The strongest packaging signal in the test fragment, encodes a region of the coat protein that undergoes a conformational change upon contact with packaging signals. A similar phenomenon occurs in other RNA viruses for which packaging signals are known. These contacts hint at an even deeper density of encoded functions in viral RNA, which if confirmed, would have profound consequences for the evolution of this class of pathogens.
We present direct experimental evidence that assembly of a single-stranded RNA virus occurs via a packaging signal-mediated mechanism. We show that the sequences of coat protein recognition motifs within multiple, dispersed, putative RNA packaging signals, as well as their relative spacing within a genomic fragment, act collectively to influence the fidelity and yield of capsid selfassembly in vitro. These experiments confirm that the selective advantages for viral yield and encapsidation specificity, predicted from previous modeling of packaging signal-mediated assembly, are found in Nature. Regions of the genome that act as packaging signals also function in translational and transcriptional enhancement, as well as directly coding for the coat protein, highlighting the density of encoded functions within the viral RNA. Assembly and gene expression are therefore direct molecular competitors for different functional folds of the same RNA sequence. The strongest packaging signal in the test fragment, encodes a region of the coat protein that undergoes a conformational change upon contact with packaging signals. A similar phenomenon occurs in other RNA viruses for which packaging signals are known. These contacts hint at an even deeper density of encoded functions in viral RNA, which if confirmed, would have profound consequences for the evolution of this class of pathogens.
virus assembly | single-molecule fluorescence correlation spectroscopy | satellite tobacco necrosis virus | packaging signal A lmost all natural nucleic acid sequences appear in the form of RNA polynucleotides at some point in their existence. The concept of "one RNA, one function" (e.g., for tRNA or mRNA) is increasingly seen as far too simplistic with RNAs known to alter their secondary/tertiary structures in regulated ways to control the appearance of distinct functional states (1) . This multifunctionality is also true of the genomes of singlestranded (ss) RNA viruses, where refolding to promote replication, translation and control of gene expression are well known (2) . Here we describe additional layers of previously unsuspected functions within the genome of the satellite plant virus, Satellite Tobacco Necrosis Virus (STNV). Aspects of these functions are potential drug targets for this class of viruses, which include major human pathogens and a significant fraction of emerging viral diseases (3, 4) . Virus-like particles (VLPs) are also increasingly being used both for vaccines and for delivery of imaging, diagnostic, or therapeutic agents (5, 6) . Thus, understanding the detailed molecular mechanisms used by these viruses for assembly is of widespread interest.
Previously we showed, using single molecule fluorescence correlation spectroscopy (smFCS), that at low (nanomolar) concentrations the coat proteins (CPs) of STNV and bacteriophage MS2 package their cognate genomes preferentially (7) . Cognate packaging in vitro is accompanied by a characteristic drop in the hydrodynamic radius (Rh) of the viral RNA, making it smaller than its capsid as a subset of CPs bind. We have shown that this behavior is consistent with an assembly mechanism (8) controlled by the interaction of multiple CPs with degenerate RNA sequence/ structure sites we term packaging signals (PSs), distributed across the genomes. PSs are bound sequence-specifically by their cognate CPs, increasing the yield, rate and/or fidelity of assembly. PSmediated assembly has many potential advantages for the virus, including solving a viral version of the Levinthal Paradox (9) . For the T = 3 MS2, there is a known assembly origin, the 19-nt-long coat protein gene translational operator (TR) stem-loop (10) . TR functions as an allosteric effector, switching the dimeric viral capsomere between the two quasi-conformers required to build the capsid (11) . This mechanism requires 60 TR-like sites within the genomic RNA for CP contacts (12) . These defined RNA-CP contacts require the RNA in every particle be in a very similar conformation, and an asymmetric tomographic reconstruction is consistent with this view (13) .
For STNV, there were no known PSs, so we used RNA SELEX combined with a theoretical analysis protocol we designed for the identification of PSs from SELEX data, to isolate preferred sequences for CP binding. This dual approach identified an aptamer whose sequence matches a region of the cognate genome (14) . Both the aptamer (B3) and genomic sites (B3-like, PS3, Fig. 1 A and B) are predicted to fold into stem-loops. An X-ray structure of VLPs reassembled around B3 shows that the presence of multiple copies of a preferred RNA sequence increases the ordering of Significance Single-stranded RNA viruses self-assemble protective protein containers around their cognate genomes rapidly and efficiently at low concentrations. RNA encapsidation in vivo occurs preferentially with the cognate genome, in contrast to many in vitro reassembly experiments. We describe in molecular detail how this specificity and efficiency is accomplished using multiple contacts between coat proteins and dispersed packaging signals in the viral genome. The sequences and relative positioning of the packaging signals are important for this mechanism, creating a strong evolutionary constraint. Packaging signals overlap untranslated and coding regions ensuring assembly is in competition with other functions of the genome. Disrupting these contacts has deleterious consequences for capsid assembly identifying a novel antiviral drug target.
the N-terminal region of the STNV CP. The N-terminal helix extends by roughly one turn to include amino acid residue 8, in contrast to the virion or mRNA containing VLP, in which the electron density shows that the polypeptide is disordered before residue 12. These data suggest that B3 acts like a PS (15) (Fig. 1) .
SmFCS confirms that B3 binds STNV CP with high affinity (low nM) to form a capsomere, probably a CP trimer with at least one B3 bound, that can then be assembled into T = 1 capsids in response to increasing concentrations of CP. This reaction is highly sequence-specific, because oligos containing B3 variant in the recognition motif fail to assemble under identical conditions. Despite the catalytic role of B3, assembly is highly dependent on electrostatic interactions: The VLPs formed are sensitive to both the ionic strength and the removal of structural calcium ions. Using a 5′ genomic fragment (127 nt long) encompassing the B3-like PS3 and two additional putative PSs on either side, we have confirmed that CP-induced reduction in Rh occurs as a consequence of binding PS3. The five PSs work collectively to promote successful capsid assembly and their spacing within the fragment is also important. These functions are encoded within a region heavily implicated in enhancing translation and viral RNA replication (16) (17) (18) (19) . In addition, PS3 is located within the CP region that encodes the amino acid sequence undergoing conformational change in response to PS binding. If similar contacts occur more widely for RNA viruses there may be even deeper embedding of function in viral RNAs.
Sequence-Specificity of Assembly
To study in vitro reassembly of STNV VLPs at low CP concentrations, we used fluorescently labeled oligonucleotides (see Fig.  1 A and B and Table S1 for details). This method enabled smFCS assembly assays at nanomolar RNA concentrations. Initially we monitored CP titrations into labeled B3 (1 nM) under reassembly conditions. This experiment reveals formation of a high affinity RNA-CP complex that begins to form at 1 nM CP and is fully formed by 5 nM CP. It has an apparent Rh of ∼5 nm (Fig. 2B) , consistent with it being a CP trimeric capsomere based on the X-ray structure of the B3 VLP. Photon counting statistics (SI Materials and Methods) were used to estimate the affinity of the CP-B3 interaction, yielding a K d of 0.8 ± 0.1 nM, and photon burst statistics suggest that the complex formed most likely contains a single B3 RNA (Fig. S1 ). Once formed, this complex is stable for extended periods (Fig. 2C ) and indifferent to the addition of extra CP monomer until a threshold concentration ∼50 nM is reached. Thereafter assembly of T = 1 capsids occurs slowly in a CP concentration-dependent process that remains incomplete below 1 μM CP. These VLPs are also stable over extended periods, indifferent to the addition of more CP and protect the labeled RNA from RNase digestion (Fig. S2 ). This second phase of assembly must be driven by CP-CP interactions between the complex nucleated by the initial RNA-CP contact and incoming CPs. Note, at much higher concentrations (μM) the STNV CP is a monomer with no tendency to self-assemble in the absence of RNA (15) . The slow kinetics of capsid assembly from the B3 capsomere suggests that the CPs must overcome a barrier to complex formation which we previously speculated was electrostatic, i.e., that the RNA reduces unfavorable interactions between the positively charged N-terminal regions of CP subunits (Fig. 1A) .
To see whether the RNA effect is purely electrostatic or sequence-specific we set up an assembly titration with B34U, a sequence variant of B3 of the same length predicted to form a B3-like stem-loop, but with the CP recognition motif, -ACAA-, in the loop replaced by -UUUU-. RNA SELEX suggests that the minimal motif consists of a base-paired stem topped by a loop containing -AXXA-, where X is any nucleotide (14) . The result ( Fig. 2A, Lower) shows very clearly the importance of this sequence for CP recognition. At ∼twofold higher CP concentration than for B3, the variant shows an increased Rh suggesting formation of the capsomere. However, no further assembly occurs until the CP concentration reaches 3 μM, when there is a sharp increase in Rh followed by a steady decline, consistent with formation of unstable nonspecific aggregates rather than VLPs, and the RNA remains accessible to RNase (Fig. S2) . The initial B34U-CP complex is not a viable on-pathway assembly intermediate despite the RNA being of the same length and therefore having the same negative charge. This result shows that capsomere assembly is sequence-specific and that only correctly formed species are intermediates in VLP formation. Because B34U RNA forms a complex with CP, sequence recognition is likely to involve binding of the base-paired stem, which is then orientated correctly for further assembly by sequence-specific contacts with the loop motif. B34U is able to make the first of these contacts, but not the latter. Transmission electron microscopy (TEM) images (Fig. S3A ) and Rh distribution plots (Fig. 2B ) support these interpretations. In conclusion, aptamer B3 has the properties expected of a PS. 
Natural PSs Act Cooperatively
To determine whether assembly with the genomic STNV PSs occurs similarly, and explore potential cooperative effects of having multiple PSs on the same RNA fragment, we carried out CP titrations using a dye-labeled 127 nt RNA. This fragment starts at the 5′ end of the STNV-1 genome ( Fig. 1 B and C) and encompasses five putative PSs, namely sequences that can be folded into stable stem-loops displaying -AXXA-motifs (14) . Aptamer B3 has the highest sequence identity with nucleotides 59-72, which is the middle PS on this fragment. We term this fragment PS1-5. We compared reassembly with identical RNA concentrations (10 nM) of PS1-5 and B3 alone (Fig. 3A) . B3 forms the capsomere at low concentration, ∼5 nM and begins to assemble VLPs at 200 nM, although the kinetics of capsid formation are relatively slow and remain incomplete (>4,000 s). On titration to 3,000 nM CP, assembly goes slowly to completion. In contrast, PS1-5 appears to start binding CP only at 120 nM, resulting in a drop of its Rh by 20-30%, reminiscent of the behavior of the full-length genome (7) . At 200 nM it rapidly assembles (∼250 s) into intact capsids that are nuclease resistant (Fig. S2) , suggesting that the multiple PSs promote cooperative formation of the CP-CP contacts found in the capsid.
This difference in behavior between B3 and PS1-5 could be due to the differences in the sequences/structures of their PSs, or simply because of the length of the PS1-5 fragment. To explore this behavior by the longer fragment, we examined the properties of variant fragments in which all of the PSs were mutated by conversion of 4 nt in their loop regions to uridines, or mutating just PS3, or ablating all of the PSs except PS3 (Fig. 3B) . The all mutant PS1-5 binds CP at 120 nM like the wild-type fragment, but this leads to an increase in its Rh, not a decrease. It does not form T = 1 capsids or become nuclease resistant, even when the CP concentration is raised to 3 μM (Fig. 3 B and D) . TEMs suggest that the complexes produced are aggregates rather than partially formed capsids (Fig. S4A ). This outcome confirms that the loop sequence of PS3 at least is important for CP recognition. When only the putative flanking PSs (1 and 2, and 4 and 5) are mutated, binding again occurs at 120 nM CP and the Rh decreases, showing that this effect is due to initial binding at PS3. However, subsequent assembly is very slow and formation of complete capsids is only achieved at 3,000 nM CP. The result confirms that PS sites other than PS3 play important roles in making capsid assembly efficient, and supports the idea that multiple PSs act cooperatively. When only PS3 is mutated in the PS1-5 fragment, there is no decrease in Rh, confirming that CP binding to PS3 triggers this event, and assembly does not occur until 200 nM CP and does not result in formation of capsids ( Fig.  3 B and D) .
A hierarchy of PS CP affinities is an essential requirement of the PS-mediated assembly model (9) and is consistent with the sequence/structure variations in PSs PS1-5 on the genomic fragment. PS3 is the highest affinity site and the other PSs contribute to assembly efficiency but cannot trigger VLP formation alone. The putative STNV PS sites were identified by looking at the short range folding potential of genomic RNA, specifying a stem-loop containing the -AXXA-motif (14) , and all such sites with a negative free energy of formation were identified as putative PSs. This simple approach appears successful. Of course, PSs with small folding free energies may only form active conformations in response to CP binding.
Another predicted property of PSs is that their relative locations within the genome is such that they facilitate the CP-CP interactions seen in the capsid, implying that their relative separation in the RNA sequence, which determines their spatial locations in three-dimensions, should be important. To test this, we produced three additional variants of PS1-5 in which 10-nt spacers, chosen in each case to avoid altering the potential secondary structures, were added either 5′ to PS3, i.e., between PS2 and PS3, or 3′ to it, between PS3 and PS4, or at both of these sites. These RNAs are designated 5′ or 3′ spacer PS1-5 and 5′ and 3′ spacer PS1-5, respectively. The results of their titrations with CP are shown in Fig. 3E . All three support fairly rapid assembly beyond 120 nM CP, but without an initial Rh decrease. The resulting smFCS traces are very noisy and their distributions suggest that these species form mixtures with few correctly assembled capsids. TEMs (Fig. S4B ) suggest that although some T = 1 capsids are formed by these RNAs, there are many partially formed and malformed species present as well. RNase treatment leads to large changes in these Rh distributions (Fig. S2) , confirming that the natural spacing of the five PS sites in the 5′ genomic fragment is important for accurate and efficient capsid assembly. The lack of Rh decreases in fragments with altered PS spacing but containing wild-type PS3 sequences suggests a more complex explanation of the phenomenon in the PS1-5 fragment. CP binding to B34U shows that capsomere-like species can form with high affinity for stem-loops lacking the loop recognition motif. The PS1-5 variants with a wild-type PS3 could allow CPs interacting at that site to contact the neighboring RNA stemloops, each equivalent to B34U. Although these complexes are not efficient at ensuring cooperative capsid assembly, they could explain the initial decrease in Rh. The spacer variants suggest that both neighboring stem-loops must be contacted to cause this effect, emphasizing the importance of PS positioning in the genome.
Roles of Electrostatics in Assembly and Stability
The sequence-specificity of assembly initiation revealed by the experiments with B3, PS1-5, and their variants, is consistent with PS-mediated assembly, but not with expectations that electrostatic interactions are the principal driving forces behind assembly in this class of viruses (20) (21) (22) (23) (24) (25) . The PS fragments and the variant sites, with the exception of the insert variants, are of the same length, have the same net charge and are predicted to share common secondary structures. Under ensemble assembly conditions (CP ≥ 10 μM) B34U triggers T = 1 capsid formation, although much less efficiently than B3 (15), i.e., the sequencespecific RNA discrimination is dramatically reduced at higher concentration, and reassembly can be driven almost exclusively by electrostatic interactions (26) . In contrast, the outcomes of single-molecule in vitro reassembly, carried out at nanomolar concentrations, are more sensitive to sequence-specific effects and may reflect more accurately conditions in vivo. To examine the effects of charge neutralization on assembly, we repeated the B3 titration at higher RNA concentration (10 nM vs. 1 nM, Fig.  S3B ). More RNA increases the proportion of T = 1 capsid and larger intermediates present at lower CP concentrations, but assembly is still relatively slow and requires CP > 1 μM to be complete. It seems therefore that increasing the numbers of phosphodiesters lowers the barrier to assembly, consistent with it being electrostatic in nature.
As a test of this idea, we compared the salt stability of VLPs assembled at either concentration of B3 or with PS1-5, with that of the VLP from Escherichia coli, which packages a modified mRNA encoding the CP gene (Fig. 4A and Fig. S5A ). Addition of NaCl to the reassembled particles leads to rapid disassembly of both the 1 and 10 nM B3 VLPs, which are fully disassembled by ∼150 and ∼400 mM, respectively, whereas the PS1-5 and mRNA VLPs remain stable up to 700 mM. STNV virions contain structural calcium ions that bind to three distinct sites located at the particle symmetry axes (Fig. 1A) . Note, not all these sites are occupied in the crystal structure of the B3 VLP (15) . Because these should contribute to electrostatic stability, we repeated the salt titration in the presence of 5 mM EDTA (Fig. 4A and Fig.  S5B ). Both B3 VLPs are fully disassembled under these conditions before addition of extra salt, whereas the PS1-5 VLP partially disassembles at 50 mM NaCl, with only the mRNA VLP remaining stable throughout the titration range. These results confirm that particle stability is strongly dependent on formation of favorable, relatively local, electrostatic contacts, following a sequence-specific assembly initiation. Clearly, the presence of longer RNAs encompassing multiple PS sites stabilizes the CP-CP contacts relative to the VLPs formed with the short RNA.
The results described above are consistent with a two-stage assembly model following a free energy path similar to that shown in Fig. 4B . Capsomere formation is rapid, high-affinity, and spontaneous, but for the RNA-CP complex to be on-pathway to capsid assembly, the PS stem-loop must be orientated precisely via sequence-specific interactions with the loop motif. In longer RNAs, this initial event is coupled to a decrease in the size of the viral RNA driven by CP binding to correctly placed additional PSs, a vital step in preparing it for specific encapsidation (7, 8) . On-pathway capsomeres with short RNAs are prevented from self-assembly to capsid by an electrostatic activation barrier created by the repulsion of clustering six positively charged amino acid side chains into the small volume around the particle threefold helices (Fig. 1A) . This inhibitory effect can be overcome using more RNA, either in the form of higher concentrations of single PSs or as natural fragments encompassing multiple, appropriately positioned PS sites. The latter are more effective at lowering the activation barrier, allowing assembly to be cooperative once it initiates. Note, the cooperativity for the complete genomic fragment, with up to 30 PSs, would be even more pronounced than seen here for the 5′ fragment with only five such sites.
The Relationship of the Viral RNA to its Coat Protein
By definition there is a close relationship between the genomic RNA of ssRNA viruses and their coat proteins; one is encoded by the other. For satellite viruses, this is heightened by the fact that the only "viral" RNA encapsidated is an extended mRNA encoding the CP subunit. The polymerase responsible for replication is supplied by the helper virus, Tobacco Necrosis Virus. The STNV genome therefore encompasses at least two functions: It is a substrate for both replication and translation. Previous studies have shown that sequences within the 5′ and 3′ untranslated regions (UTRs) are responsible for making both these processes efficient via complementary base pairing between the UTR residues 24-55 and 979-1009 (27) within the RNA. The site in the 5′UTR overlaps the PS containing region. It is therefore clear that replication/translation and virion assembly are distinct processes brought about by differing RNA conformations.
A global secondary structure of the entire genome calculated using Mfold suggests that only PS1 in the 5′ fragment used here would be formed spontaneously (14) . However, if the RNA is folded allowing only for short-range interactions, i.e., in 50-nt sections, then all of the predicted PSs can be formed. The data with the 5′ fragment suggests that STNV packaging occurs on newly replicating RNAs as they emerge from the polymerase. The PS-mediated assembly mechanism also implies that there is a defined spatial relationship between the protein shell of the capsid and the PSs within the genomic RNA. Because ssRNA viruses use RNA-dependent RNA polymerases that lack proof reading functions, the maintenance of such PS sites is a significant challenge. In other systems it has been shown that the coding variants within a viral quasi-species are likely to increase the misincorporation of noncognate RNAs, leading to the suggestion that ssRNA can be horizontal vectors for gene transfer (28, 29) . It is thus likely that strategies have evolved that favor conservation of PSs in viral evolution, thus enhancing packaging specificity.
Discussion
There are different ways in which ssRNA viruses may counter the challenge of enhancing packaging of their cognate genomic RNAs against the background of cellular competitor RNAs. One solution could be the physical separation of viral components from cellular factors, but the evidence of significant misincorporation even in viruses believed to operate this way (29) suggests that other mechanisms are likely to have selective advantages. An alternative possibility is that packaging of cognate genomes is the result of specificity between viral genomes and their cognate CPs. Such a mechanism would mirror a phenomenon occurring more widely, in particular in early events in the development of the RNA-protein world: a bias toward interactions between encoded proteins and their mRNAs, even when those proteins are not thought to function via RNA binding (30-32).
We speculate that a similar phenomenon may give rise to PS conservation, and thus ensure packaging specificity, in STNV. In particular, the molecular details of the PS3-CP interaction illustrate how this can be achieved. PS3 is located at nt60 in the STNV-1 genome, and forms part of the codon for amino acid residue 10 in the CP, or 9 neglecting the N-terminal methionine (Fig. 1A) . Thus, the strongest PS forms a section of the gene encoding the amino acids in the CP that alter their conformation upon PS binding (Fig.  5) . This match may of course be coincidental, but a statistical analysis (SI Materials and Methods) suggests that it would only occur ∼9% of the time by chance. PS3 is also one of only three PS sites, with PS11 and PS12, conserved in all three known STNV strains (Fig. S6) . Testing this idea experimentally would be challenging, so we compared STNV with the two other ssRNA viruses for which we have detailed CP-RNA structural data, namely MS2 and TMV (33, 34) (Fig. S7) . The former assembles via a mechanism mediated by multiple PSs, whereas the latter is a helical virus that assembles from a unique PS-RNA contact. There are four known PSs within the MS2 CP gene. One of them encodes a 6-aa peptide that plays a significant role in recognizing the strongest PS in that genome, TR (Fig. 5B and Fig. S7 A and C) . The probability that this match occurs by chance in that case is 3.1% (SI Materials and Methods). In Group 2 Tobacco Mosaic Viruses, the origin of assembly, a PS, encodes one of the two peptides forming the RNA-binding site in the CP (35) (36) (37) , suggesting similar relationships occur even in a helical virus (Fig. S7D) . The occurrence of this phenomenon in a number of viruses suggests that PS encoding features of the protein sites they are in contact with could be an unappreciated aspect of viral CP-genome interactions.
STNV CP shares a common fold with many other ssRNA viruses, most of which are more complex, having quasi-equivalent capsids, in part defined by the conformations of their positively charged N-terminal regions that often contain arginine-rich motifs, ARMs (38) . Removal of this region in STNV prevents assembly (39) , whereas in other viruses it promotes RNA-independent assembly of T = 1 capsids (40). Here we have used smFCS assays to probe the roles of RNA in STNV assembly at nanomolar concentrations, showing that it follows a two-stage PS-mediated mechanism, thus preventing assembly around noncognate RNAs. Even with relatively short PS fragments we have recreated assembly features seen with the intact genome, showing that CP recognition of degenerate PSs, and the latter's relative spacing along the genomic RNA, both contribute to efficient cooperative capsid assembly (9, 41) . These assays also validate the use of RNA SELEX against viral CPs, combined with theoretical analysis techniques pioneered by us, as a route for identifying PSs (15) . It is tempting to speculate that, because of the multiple selective advantages for viruses assembling via such mechanisms, viruses with similar CP folds will also assemble by similar routes (14) . The requirement to encode PSs, and perhaps the peptide functions they encode, introduces a previously unsuspected constraint on viral evolution, especially given the density of functions located within the same RNA sequences. Disrupting this assembly mechanism would therefore be a novel antiviral strategy. Previously, we showed that hydrodynamic collapse of viral genomes is a signature of cognate encapsidation, and has many similarities to the assembly of the ribosome. The roles of the multiple genomic PSs revealed here also have similarities to protein sequestration by noncoding (nc) RNAs, "RNA sponges" (42) , where proteins bind sequentially, specifically, and cooperatively to stem-loops, leading to protection of a ncRNA from degradation. Assembly of ssRNA viruses may therefore have more in common with cellular RNA biology than previously suspected.
Materials and Methods
STNV CP was prepared by dissociation of recombinant VLPs produced in E. coli (15) . RNAs were either chemically synthesized with a dye attached to the 5′ end, (DNA technology A/S, Denmark) or transcribed in the presence of 5′-amino-GMP which was subsequently chemically coupled to a dye using an amine reactive Alexa Fluor 488 SDP ester (Invitrogen). SmFCS assays and data analysis were performed as described (8) .
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Patel et al. 10 .1073/pnas.1420812112 SI Materials and Methods STNV Purification. Recombinant STNV VLPs were purified from E. coli (1) and the CP monomers purified by disassembly in 50 mM Tris (pH 8.5), 10 mM EDTA, in the presence of Complete Protease Inhibitor Mixture (Roche). STNV CP was separated from the mRNA by sequential Q-Sepharose, and SP-Sepharose columns (GE Healthcare). STNV CP was washed with 20 column volumes of 50 mM Hepes (pH 7.5) and 25 mM NaCl to remove residual EDTA, and subsequently eluted using a 0.025-2 M NaCl gradient in buffer. CP elutes at 0.8 M NaCl. STNV CP was analyzed by SDS/PAGE and its concentration determined by UV absorbance. Fractions with an A 260 :A 280 ratios of 0.6 or lower were used in assembly assays. CP monomer was stored in 50 mM Hepes (pH 7.5), 25 mM NaCl and 50% (wt/vol) glycerol at −20°C. STNV VLPs were labeled using Alexa Fluor-488 SDP ester (Invitrogen) over 4 h at room temperature in carbonate buffer (pH 8.3) and the modified VLPs purified using a NAP5 column, followed by a 15-45% (wt/vol) linear sucrose gradient. Peak fractions were then dialyzed into a buffer containing 50 mM Hepes (pH 7.5) and 100 mM NaCl.
RNA Synthesis. Aptamers B3 and B34U were chemically synthesized and HPLC purified by DNA technology A/S, Denmark. PS1-5 and variants (Table S2) were produced using in vitro transcription using a T7 Megascript kit (Ambion) using dsDNA templates obtained from Eurofins MWG and a Phusion high fidelity DNA polymerase kit (NEB). These transcripts were made using a 4:1 molar excess of aminohexyl-G-monophosphate (Tebubio) to GTP to create a chemically reactive 5ʹ amino group, which was then coupled to Alexa Fluor 488 SDP ester (Invitrogen). RNAs > 100 nt in length were purified using an QIAgen RNeasy Mini elute spin column, adjusting the ethanol concentration when appropriate to ensure binding. RNAs < 100 nt were purified by phenol:chloroform extraction and isopropanol precipitation. RNAs were analyzed by 10% (wt/vol) denaturing polyacrylamide gel electrophoresis. The variants of PS1-5 with an insert 3ʹ and/or 5ʹ to PS3 were designed by adding one nucleotide at a time either side of PS3, checking the Mfold predictions after each iteration to ensure no undesirable structures are formed. The concentration of fluorescently labeled RNA was calculated using the following formula: C (μg/mL) = 40 × (A 260 -(0.3 × A 494 )) (Invitrogen). All kits were used according to the manufacturers' protocols unless stated. The efficiencies of labeling protein/RNA were calculated using the equation: (moles dye per mole protein/RNA) = A 494 /(e 488 × [Target]) (Invitrogen) where A 494 is the absorbance at 494 nm and e 488 is the extinction coefficient of Alexa Fluor 488 at 494 nm.
Assembly Assays. Assembly reactions were performed by adding RNA in water to STNV CP monomer in a buffer containing 50 mM Hepes (pH 7.5), 25 mM NaCl and 50% (wt/vol) glycerol.
Using a 10× stock of reassembly buffer, the assay conditions were then adjusted to 50 mM Hepes (pH 7.5), 3 mM CaCl 2 , 1 mM DTT, and 0.05% (vol/vol) Tween-20 (and where appropriate NaCl) at 21°C. Successive additions of monomer were then added as necessary, with CP never exceeding 5% of total reaction volume. Manual mixing throughout the reactions caused an approximate 1-min delay at the start of time-resolved FCS data collection. FCS measurements were made using a custom-built FCS setup with 30-s data accumulation per autocorrelation function (CF). Individual CFs were decomposed into triplet state relaxation and diffusion (characterized by diffusion time, TD) components and the latter was converted into an apparent hydrodynamic radius, Rh (2) . Samples for TEM were taken at the end of each measurement. Plots of Rh over time were smoothed using the FFT filter in Origin Pro-8 with a cutoff percentage of 35%. Plots of Rh distribution were also fitted using Origin Pro-8 software, to a normal single or multiple peak Gaussian function.
Photon Counting Statistics and Burst Size Analysis. Bursts from the passage of individual molecules through a confocal volume were measured at a concentration of 500 pM Alexa Fluor-488-labeled B3 RNA to which increasing amounts of coat protein were added (0.5, 2.5, 12.5, and 22.5 nM).The laser power was kept low at 30 μW. Photon arrival times were recorded and binned (0.5 ms). Several (5-10) repeated runs accumulating at least 1 × 10 6 photons each were performed. Bursts were identified as one or more consecutive bins with photon counts above the background level (set by buffer recording) containing an accrued minimum of 20 photons.
Statistical Analysis of PS Locations. To determine the probability of one of the four MS2 PSs overlapping with the coat protein codons for at least four contact sites in the amino acid sequence, we performed the following analysis. We randomly placed four PSs coding for six amino acids in a window corresponding to the 130 CP codons and monitored how many times they overlap with the positions of the 11 codons of amino acids within the contact map in Fig. S7A . Based on 10 million simulations, we established the chance of a single PS overlapping with at least four amino acid-TR contacts is 3.1%.
Similarly, for STNV, 17 PSs of an average length of 5 codons were randomly positioned within the 196 codons of the CP gene. After 10 million simulations, we obtained an 8.6% chance that a single PS overlaps with the known contact sites (3).
TEM. Each sample was added to a glow discharge-irradiated Carbon/ Formvar 300-mesh grid (Agar Scientific) and stained using 2% (wt/vol) uranyl acetate, and then viewed with a FEI Spirit G2 microscope at 49,000× magnification. . (B, Right) CP was titrated in the amounts stated (top of graph) at discrete points indicated by the vertical red lines into 1 nM (blue) or 10 nM (red) of Alexa Fluor-488-labeled RNA aptamer B3 and the resulting hydrodynamic radius was monitored using (smFCS) over time. Data were analyzed as described above. Nucleotides within stem loops subject to mutation are highlighted red. Inserts are highlighted blue.
